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Reconstructing the sediment concentration of a
giant submarine gravity ﬂow
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Submarine gravity ﬂows are responsible for the largest sediment accumulations on the
planet, but are notoriously difﬁcult to measure in action. Giant ﬂows transport 100s of km3 of
sediment with run-out distances over 2000 km. Sediment concentration is a ﬁrst order
control on ﬂow dynamics and deposit character. It has never been measured directly nor
convincingly estimated in large submarine ﬂows. Here we reconstruct the sediment con-
centration of a historic giant submarine ﬂow, the 1929 “Grand Banks” event, using two
independent approaches, each validated by estimates of ﬂow speed from cable breaks. The
calculated average bulk sediment concentration of the ﬂow was 2.7–5.4% by volume. This is
orders of magnitude higher than directly-measured smaller-volume ﬂows in river deltas and
submarine canyons. The new concentration estimate provides a test case for scaled
experiments and numerical simulations, and a major step towards a quantitative under-
standing of these prodigious ﬂows.
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Submarine gravity ﬂows are mixtures of sediment and water.They are driven downslope by their excess density, which isgenerated from sediment suspended within the ﬂow. They
entrain ambient seawater at their head and upper interface, and
either erode or deposit on the seabed. As the principal agent for
transporting sediment across the Earth’s surface, they have a
signiﬁcant inﬂuence on global sediment cycling and nutrient
ﬂuxes into the ocean1, and are responsible for the largest sedi-
ment accumulations on the planet2. They also pose a major
geohazard to seaﬂoor infrastructure, such as telecommunication
cables that carry >95% of global internet trafﬁc3, and oil and gas
pipelines upon which our economies depend4.
The concentration of sediment within a ﬂow dictates almost all
aspects of ﬂow dynamics and style of deposition5. However,
sediment concentration is a poorly constrained ﬂow property.
This is because there are few in situ measurements of natural
submarine ﬂows in action. These are restricted to small-volume
(<107 m3 of sediment) ﬂows within slope canyons and fjord river
deltas6–13. Therefore, our understanding of submarine ﬂow
dynamics is primarily inferred through analysis of their deposits,
using insights from scaled physical experiments and numerical
simulations.
Submarine gravity ﬂows are vertically stratiﬁed, whereby a
higher-concentration, coarser-grained lower layer is overlain by a
thicker dilute upper layer transporting ﬁner-grained material6, 13–
15. In turn, the lower layer is continuously stratiﬁed with
increasing sediment concentrations and grain sizes towards the
bed16. When ﬂows pass through conﬁning topography, the
character of their sediment deposits and the height to which they
drape the conﬁning slopes is a proxy for the vertical distribution
of sediment in the ﬂow17–23, with the upper limit of erosion or
deposition termed a trimline.
Previous work has used such constraints from medium scale
ancient ﬂows (107–1010 m3 of sediment) to reconstruct ﬂow
properties, yielding a wide range of potential depth-averaged
sediment concentrations between 0.0007 and 2.5%
vol.18, 19, 21, 22, 24. Crucially, these studies lack directly measured
ﬂow properties so that equations relating sediment concentration
to dynamic ﬂow properties, such as velocity, cannot be solved. In
this case, ﬂow velocities are approximated via the grain size of
deposits18, 21 or channel morphology21, 24, which introduce
considerable uncertainty. As a consequence, estimates of sedi-
ment concentration from ﬂow deposits are wide-ranging and lack
validity.
Large-volume submarine ﬂows (>1010 m3 of sediment) are
even less well-understood. These giant ﬂows are highly destruc-
tive and transport vast amounts of sediment (some >100 km3)
over tens of thousands of square kilometres25–27. Such volumes of
sediment eclipse the annual global river discharge of sediment
into the ocean by an order of magnitude25, 27. The concentration
of giant submarine ﬂows has never been convincingly estimated
due to virtually no directly measured ﬂow properties and a lack of
high-quality ﬁeld data. This leaves our understanding funda-
mentally limited; rooted in qualitative interpretations.
Here we examine a classic historic giant submarine ﬂow where
velocity is known from timing of seaﬂoor cable breaks28. Using
new sediment cores and multibeam bathymetry, together with
legacy submersible and core data29, we establish the erosional
trimline through a submarine channel network and then use
these data to reconstruct the bulk sediment concentration of the
ﬂow.
Results
Field data. Our study is based on the analysis of sediment cores, a
submersible dive transect, and bathymetric and backscatter data
taken from deep-water offshore the Grand Banks, Newfoundland
(Fig. 1a) (Supplementary Fig. 1). In 1929, a MW 7.2 earthquake
triggered a large-sediment-volume (175 km3) submarine ﬂow and
a tsunami that killed 28 people30. The ﬂow travelled down slope
through several channel systems, sequentially breaking seaﬂoor
cables in its path. The cable breaks provide a direct measure of
frontal ﬂow velocity at several locations along the ﬂow
pathway28, 29, 31 (Fig. 1a).
Deposits of the 1929 event are recorded in the tops of sediment
cores located in 4000–5000 m water depth across the Eastern
Valley channel network (Fig. 2). The underlying stratigraphy is
correlated between cores (Supplementary Figs 1 and 2)32, which
enables us to recognize the extent of erosion and deposition by
the 1929 ﬂow. Within the channel thalwegs and lower channel
margins, 1929 deposits consist of an erosional surface >2 m deep
overlain by thick (>1 m) structureless gravels or by a thin (5 cm)
coarse-sand lag and sandy mud (Supplementary Fig. 2). Such
deposits indicate a high-energy erosive ﬂow with thin lags
representing the majority of sediment that bypassed and was
deposited farther downslope30, 33. Across inter-channel highs and
upper parts of channel margins, 1929 ﬂow deposits comprise dark
brown, thin (up to 20 cm), ﬁne sandy muds, which drape a
regional olive grey hemipelagic mud (Supplementary Fig. 2).
Hence, at these localities the 1929 ﬂow is interpreted to have been
non-erosive, low-energy and transporting only ﬁne-grained
sediments.
550
455
465
475
485
495
650 750
UTM easting (m × 103)
UT
M
 n
or
th
in
g 
(m
×
10
4 ) 
W
GS
84
 Zo
ne
 21
1929 earthquake
epicentre
0 100km
0.2
1.2
2.2
3.2
4.2
5.2
W
ater depth (km)
 
 
 
 
 
 
Profile trace
Seafloor cable
Instantaneous
cable break
Delayed cable break
T1
T2
T3
T4
T5
T6
T7
19
.1
 m/s
Shelf
EV
EB
SB
WV
GB
N45°
N55°
N35°
W65°
W75° W55°
Slope
 profile
Fig. 1 Bathymetry of the Grand Banks slope shown via a General
Bathymetric Chart of the Oceans (GEBCO) base map, which is overlain by
higher-resolution swath bathymetry collected aboard Cruise MSM47 in
2015. Several major channel systems were pathways for the 1929 ﬂow:
Western Valley (WV), Grand Banks Valley (GB), and Eastern Valley (EV),
which splits into two smaller channels: East Branch (EB) and South Branch
(SB). Delayed cable breaks provide a direct measure of ﬂow speed (19.1 ms
−1). A down slope proﬁle (Fig. 4) runs through the Eastern Valley channel
system with 7 channel cross-section proﬁles (T1-T7) (Fig. 3). Insert map
uses satellite imagery from Google Earth ProTM
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Submersible dive 1723 started on the ﬂoor of the Eastern Valley
and traversed up its western margin (Fig. 2). The boulder-strewn
channel ﬂoor was cut by a 40 m deep scour at the foot of the
valley wall29. The lower valley wall comprised fresh (angular)
outcrop of mudstones. At 230 m above the valley ﬂoor the
angularity (‘freshness’) of the outcrop decreased with a coincident
appearance of immobile epifauna. This is interpreted to represent
the erosional trimline from the 1929 ﬂow13.
Acoustic backscatter data show sharp boundaries between
zones of high-backscatter and low-backscatter intensity that run
along the channel margins (Fig. 2). Submersible dive observations
and sediment cores ground-truth these backscatter boundaries in
several places. The combination of well-compacted muds below
the erosion surface and the sand deposits above it result in high
acoustic backscatter, in contrast to the low backscatter from
recently deposited hemipelagic and ﬁne sandy muds. Thus the
backscatter boundaries are interpreted as erosional trimlines of
the 1929 ﬂow. Their elevation above the channel thalwegs can be
measured across the Eastern Valley channel network (T1–T7;
Figs. 2 and 3).
Reconstructing ﬂow concentration. We interpret the erosional
trimlines to represent the thickness of the higher-concentration
lower layer of the ﬂow. The lower layer transported all the coarse-
grained sediment load, which was responsible for most of the
sediment concentration in the ﬂow5, 8, 17, 34. The sandy mud
deposits from shallower than the erosional trimlines are inferred
to have been deposited from the overlying dilute, ﬁne-grained,
upper-layer of the ﬂow. These ﬁeld data are now used to recon-
struct the bulk concentration of the 1929 event.
We employ two independent approaches: downslope gravita-
tional driving force and super-elevation of a ﬂow around a bend.
Assuming a uniform steady ﬂow through a straight channel
(T1–T3 and T5–T7; Fig. 2), ﬂow thickness can be related to
parameters of velocity, slope and sediment concentration
through18, 19, 21, 35:
U2 ¼ RgCHf sin θ
Cd þ Ew
ð1Þ
where R is speciﬁc density of sediment in seawater (1.53); C is
sediment concentration; Hf, the height of the velocity maximum
from the bed (¼ of ﬂow thickness)36; θ, the downstream slope
angle; Ew, the water entrainment coefﬁcient across the upper ﬂow
interface (0.072sinθ/1000; see 'Discussion')18, and Cd, the basal
friction coefﬁcient (estimated between 0.003 and 0.0045; see
'Methods')37.
At a channel bend (T4), the following cross-ﬂow momentum
equation can be derived18, 21, 37:
ptU
2
Q
¼ gΔp dH
dr
± ptfU ð2Þ
The three terms in Eq. 2 represent, from left to right, the
centrifugal force, the pressure gradient and the Coriolis force,
where pt is the density of the lower layer of the ﬂow; Δp is the
ﬂow excess density with respect to seawater; U, the depth-
averaged downstream ﬂow velocity (3.8 ms−1; see 'Methods'); g,
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Fig. 2 Acoustic backscatter from Cruise MSM47 (see 'Methods') across the lower parts of the Eastern Valley channel system with interpretation of
erosional trimlines from the 1929 ﬂow. The Eastern Valley (EV) splits into two smaller channels: East Branch (EB) and South Branch (SB). High-intensity
backscatter represents rough sandy deposits whilst low-intensity represents smooth mud. Erosional trimlines are inferred from sharp boundaries in
backscatter intensity running along the margins of the channels (red lines). Cores show major erosion by the 1929 ﬂow within the channels that extends up
to the elevation of the trimlines (gravels—yellow, bypass drapes—blue and bounced—orange circles). Undisturbed sediments occur above the trimline
(green circles). Dive transect 1723 (squares) shows fresh outcrop and bio-erosion (yellow line) sharply changing into undisturbed sediments (green line).
Channel transects shown as blue lines (T1–T7). The backscatter insert shows a more detailed picture of the super-elevated trimlines around the sharp bend
in South Branch (T4)
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the acceleration due to gravity; Q, the channel-bend radius; dH/
dr, the slope of the upper interface of the ﬂow along the radial
direction (dH, the height difference between inner-bend and
outer bend trimline, dr, the width of the channel); and f, Coriolis
acceleration (f= 2ΩsinΦ, Φ= 42°N, Ω is the angular speed of the
Earth’s spin).
Equations (1) and (2) yield bulk sediment concentrations for
the ﬂow between 0.5–4.8% through South Branch, and 0.5–10.2%
through East Branch (Fig. 4). Flow concentration progressively
increases along the ﬂow pathway (T1–T7) because the measured
ﬂow speed is an average value over a changing slope. This means
that as the slope decreases, there must be a concomitant increase
in sediment concentration to balance Eq. (1). Therefore, we
estimate the bulk sediment concentration of the 1929 ﬂow as an
average of these values: 2.7% through South Branch and 5.4%
through East Branch. As the deposit volume of the 1929 ﬂow is
constrained (~175 km3)30, a concentration of 2.7–5.4% indicates
the duration of the ﬂow through the Eastern Valley channel
network was 4–8 h (see 'Methods').
Discussion
There are assumptions and limitations to our approach that
deserve consideration. Equation (1) is particularly sensitive to the
input parameters governing basal friction (Cd) and upper surface
water entrainment (Ew). These terms are not well-constrained by
ﬁeld data and hence introduce uncertainty to estimates of sedi-
ment concentration. The basal friction coefﬁcient (Cd) is esti-
mated using bed roughness (skin friction) derived from the grain
sizes measured along the thalweg of the Eastern Valley (see
'Methods'). However, the 1929 ﬂow has eroded and remoulded
the Eastern Valley, meaning that it is difﬁcult to assess exactly
what sediments were present pre-1929. Upper and lower esti-
mates of Cd are used to reﬂect this uncertainty. The small range in
values we use for Cd (0.003–0.0045) results in error in ﬂow
concentration estimates of between 0.3–1.5% vol. The degree of
error increases downslope due to decreasing ﬂow thickness
(Fig. 4).
Our formulation of water entrainment across the upper surface
of the ﬂow (Ew) is extrapolated from experiments38, 39. However,
numerical simulations suggest entrainment in natural ﬂows is
likely to be 3–4 orders of magnitude less than predicted from
experiments40, 41, or so low that it would be considered
negligible34, 42. As an approximation we reduce our upper surface
entrainment value by 3 orders of magnitude, which typically
decreases the estimates of sediment concentration by approxi-
mately 0.03% vol. (up to ~1% vol.).
Our approach also assumes conservation of mass and neglects
deposition or entrainment of sediment (erosion) along the ﬂow’s
pathway. Evidence of erosion by the 1929 ﬂow extends along the
length of the Eastern Valley channel system (Fig. 2). Therefore, it
is likely that a signiﬁcant volume of sediment was added to the
ﬂow, which in turn, would progressively increase its sediment
concentration downslope43–46. This trend is seen in our results
and is probably, in part, a product of ﬂow bulking from erosion
(Fig. 4). However, the measured ﬂow speed is an average over a
changing slope, which manufactures a similar trend via Eq. (1).
To resolve the relative contributions of these factors, more closely
spaced measures of ﬂow velocity would be required.
We estimate the lower-layer (~70–230 m thick; Fig. 3) of the
1929 ﬂow as having a bulk sediment concentration between 2.7
and 5.4% vol. As gravity ﬂows are vertically stratiﬁed, this bulk
value represents a concentration gradient with lower concentra-
tions in the upper parts of the ﬂow and increasing sediment
concentrations towards its base. Direct measurements of ﬁne-
grained (silt and ﬁne-sand), dilute (<0.04% vol.) and low sedi-
ment volume submarine ﬂows estimate near-bed sediment con-
centrations 3–12 times higher than depth-averaged
values6, 8, 9, 13. Applying these gradients to our depth-averaged
estimates from the 1929 ﬂow suggests that near-bed sediment
concentrations were likely to have been signiﬁcantly higher than
10% vol. At these high sediment concentrations the ﬂow becomes
stratiﬁed into a concentrated near-bed grain ﬂow layer that is
sharply overlain by the overriding, more dilute, part of the
ﬂow14, 47–50 (Fig. 5).
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Signiﬁcant debate has surrounded the fundamental character of
submarine gravity ﬂows: Are they dilute and turbulent or highly-
concentrated with suppressed turbulence5, 49, 51–54? This ele-
mentary characterization underpins how models approach pre-
dicting ﬂow behaviour and resulting sedimentation patterns. For
example, the near ubiquitously recognised ‘high-concentration
gravity ﬂow’ model is deﬁned as having a variety of sediment
concentrations between 5 and 9%52, >10%5, or 7 and 45%55.
Without valid constraints on sediment concentration in natural
ﬂows, such models have remained conceptual.
Our estimates of depth-averaged sediment concentration for
the 1929 ﬂow of 2.7–5.4% vol. are 2–3 orders of magnitude higher
compared to most small-volume dilute ﬂows that have been
measured in slope canyon systems and fjord deltas (~0.002–0.5%
vol.)6, 8, 9, 12, and exceed the upper range of sediment con-
centrations derived from submarine gravity ﬂow deposits
(~0.0007–2.5% vol.)18, 19, 21, 22, 24. Limitations in physical scaling
and computational power have traditionally restricted experi-
mental and numerical simulations to a similar range of dilute ﬂow
conditions53, 56–58. The few experiments that have modelled high-
concentration ﬂows have used depth-averaged concentrations in
the range of 15–40% vol.14, 36, 47, 59. Our work shows that depth-
averaged concentrations in the 1929 ﬂow fall between these dilute
and high-concentration experimental conditions. However, ﬂow
stratiﬁcation likely resulted in a hyperconcentrated base (>10%
vol.) and more dilute upper parts (<1% vol.). Hence, dilute and
high-concentration experiments have similar concentrations to
either the upper or lower layer of the ﬂow respectively. This
suggests that current scaling approaches do not appropriately
relate sediment concentration to other ﬂow properties throughout
the depth of the ﬂow. Vertical stratiﬁcation may be a crucial
overlooked factor in realistic modelling of natural-scale sub-
marine ﬂows16, 60.
Our work provides the ﬁrst validated estimates of sediment
concentration for a giant submarine ﬂow. The 1929 event had
depth-averaged sediment concentrations between 2.7 and 5.4%
vol. These concentrations were high enough to produce a strati-
ﬁed ﬂow with a hyperconcentrated base (>10% vol.) overlain by a
layer with progressively decreasing sediment concentrations. It
provides a test case for scaled experiments and numerical simu-
lations, and is a major step towards quantitative links between
submarine gravity ﬂow processes and their deposits.
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Methods
Bathymetry and backscatter. Bathymetry was collected aboard RV Maria S.
Merian on Cruise MSM47 between 30/09/2015 and 30/10/2015. A hull-mounted
Kongsberg EM122 operating at a nominal frequency of 12 kHz at a maximal swath
width of 130° was used to collect bathymetric and backscatter data. Processing of
the data included the application of sound velocity proﬁles, the application of
manual and automatic methods to remove outliers and the correction for the
angular dependence of backscatter intensities. Data were then gridded to a reso-
lution of 60 m using a Gaussian weighted mean ﬁlter. Processing was done using
the open source software mbsystem61.
Slope stratigraphy. Sediment cores recovered stratigraphy similar to that pre-
viously documented across the Grand Banks continental slope32. From top to
bottom: the 1929 event; a Holocene hemipelagic drape of olive-green foraminiferal
ooze; a mud-dominated unit of mixed red and green turbidites of latest Pleistocene
age, a thick red sticky mud unit, and stiff light grey unit of thin-bedded muddy
turbidites. Deposits of the 1929 event are found in the topmost parts of the cores,
overlying foraminiferal ooze or an erosion surface that cuts deeper in the strati-
graphy. Using this stratigraphic framework we correlate between cores, which
allows us to document the depositional and erosional record of the 1929 event as it
passed through the channel system (Supplementary Fig. 2).
Flow velocity conversions. Direct measurements of natural small-volume sub-
marine ﬂows8 show that maximum frontal velocity (Umax) is approximately ﬁve
times higher than depth-averaged ﬂow velocity (U). We apply this ratio to convert
the frontal ﬂow velocity of the 1929 event (Umax= 19.1 ms−1) measured by cable
breaks to a depth-averaged ﬂow velocity (U= 3.8 ms−1).
Estimates of Cd. The terms for frictional retardation of the ﬂow have to be esti-
mated using approximations from experimental and shallow water ﬂows. The basal
friction coefﬁcient (Cd) is a ratio of bed roughness (skin friction and form drag) vs.
the thickness of the ﬂow passing over it. The 1929 ﬂow has eroded and remoulded
the Eastern Valley thalweg and margins, which makes it difﬁcult to assess what
sediments and bedforms were present pre-1929. Present day sediment waves found
within the Eastern Valley are thought to have been formed by the 1929 ﬂow, hence,
would not have contributed to form drag. Therefore, we assume skin friction made
up the majority of the basal friction beneath the 1929 ﬂow. In channel conﬁned
turbidity currents skin friction values are generically estimated at 0.00337. However,
from our data a more robust estimate is possible for the Eastern Valley using62:
Cd ¼
k
Bþ ln Zoh
 
2
4
3
5
2
ð3Þ
where, k is the Von Karmen constant (0.4), B is 1, h is the height of the velocity
maximum of the ﬂow taken as 57 m, and Zo the bed roughness from grain size
(Zo= 2.5 × D50/30). Downslope through T2–T7, channel thalweg cores recover
gravels with an average D50 of 0.5–2 mm (Supplementary Fig. 2). Assuming these
sediments are representative of bed roughness pre-1929, the resulting values for Cd
are between 0.003 and 0.0045 respectively.
Flow duration. The majority of the 1929 ﬂow passed through three channel sys-
tems: the Western Valley, Eastern Valley and Grand Banks Valley31. The total
estimated volume of the deposited sediment is ~175 km3, calculated from deposits
across the lower Grand Banks slope and Sohm Abyssal Plain30. Assuming a
packing density of 0.6, this equates to 105 km3 of sediment. If 1/3 of the ﬂow passed
through each channel system, the Eastern Valley below its conﬂuence with Grand
Banks Valley was a conduit for ~70 km3 of sediment (V). The cross-sectional area
of the ﬂow passing through Eastern Valley at T2 is: 23,000 m wide (channel
margins) and 201 m high (trimline elevation), which is 4,634,500 m2 (A). Flow
duration= V/UAC. Hence, concentration estimates of 2.7–5.4% vol. result in ﬂow
durations of approximately 4 to 8 h.
Data availability. The datasets presented in the current study are available from
the corresponding author at reasonable request.
Received: 19 September 2017 Accepted: 11 June 2018
References
1. Galy, V. et al. Efﬁcient organic carbon burial in the Bengal fan sustained by the
Himalayan erosional system. Nature 450, 407–410.
2. Curray, J. R., Emmel, F. J. & Moore, D. G. The Bengal Fan: morphology,
geometry, stratigraphy, history and processes. Mar. Pet. Geol. 19, 1191–1223
(2002).
3. Carter, L. et al. Submarine cables and the oceans: connecting the world. U.
Nations Environ. Program. Conserv. Monit. Cent. Biodivers. Unit., Camb., U.
K. 31, 64 (2009).
4. Zakeri, A. A potentially devastating offshore geohazard - submarine debris
ﬂow impact on pipelines. Explor. Prod. Oil Gas. Rev. 6, 118–121 (2008).
5. Talling, P. J., Masson, D. G., Sumner, E. J. & Malgesini, G. Subaqueous
sediment density ﬂows: Depositional processes and deposit types.
Sedimentology 59, 1937–2003 (2012).
6. Sumner, E. J. & Paull, C. K. Swept away by a turbidity current in Mendocino
submarine canyon, California. Geophys. Res. Lett. 41, 7611–7618 (2014).
7. Xu, J. P., Barry, J. P. & Paull, C. K. Small-scale turbidity currents in a big
submarine canyon. Geology 41, 143–146 (2013).
8. Xu, J. P., Sequeiros, O. E. & Noble, M. A. Sediment concentrations, ﬂow
conditions, and downstream evolution of two turbidity currents, Monterey
Canyon, USA. Deep. Res. Part I Oceanogr. Res. Pap. 89, 11–34 (2014).
9. Azpiroz-Zabala, M. et al. Newly recognized turbidity current structure can
explain prolonged ﬂushing of submarine canyons. Sci. Adv. 3, e1700200
(2017).
10. Hughes-Clarke, J., Marques, C. V. & Pratomo, D. in Submarine Mass
Movements and Their Consequences (eds Krastel, S. et al.) 37, 249–260
(Springer International Publ., 2014).
11. Zeng, J. J., Lowe, D. R., Prior, D. B., Wiseman, W. J. & Bornhold, B. D. Flow
properties of turbidity currents in Bute Inlet, British Columbia. Sedimentology
38, 975–996 (1991).
12. Talling, P. J., Paull, C. K. & Piper, D. J. W. How are subaqueous sediment
density ﬂows triggered, what is their internal structure and how does it evolve?
Direct observations from monitoring of active ﬂows. Earth Sci. Rev. 125,
244–287 (2013).
13. Hughes Clarke, J. E. First wide-angle view of channelized turbidity currents
links migrating cyclic steps to ﬂow characteristics. Nat. Commun. 7, 11896
(2016).
14. Cartigny, M. J. B., Eggenhuisen, J. T., Hansen, E. W. M. & Postma, G.
Concentration-dependent ﬂow stratiﬁcation in experimental high-density
turbidity currents and their relevance to turbidite facies models. J. Sediment.
Res. 83, 1047–1065 (2013).
15. McCaffrey, W. D., Choux, C. M., Baas, J. H. & Haughton, P. D. W. Spatio-
temporal evolution of velocity structure, concentration and grainsize
stratiﬁcation within experimental particulate gravity currents. Mar. Pet. Geol.
20, 851–860 (2003).
16. Peakall, J. & Sumner, E. J. Submarine channel ﬂow processes and deposits: A
process-product perspective. Geomorphology 244, 95–120 (2015).
17. Symons, W. O. et al. A new model for turbidity current behavior based on
integration of ﬂow monitoring and precision coring in a submarine canyon.
Geology 45, 367–370 (2017).
18. Pirmez, C. & Imran, J. Reconstruction of turbidity currents in Amazon
Channel. Mar. Pet. Geol. 20, 823–849 (2003).
19. Stevenson, C. J. et al. On how thin submarine ﬂows transported large volumes
of sand for hundreds of kilometres across a ﬂat basin plain without eroding
the sea ﬂoor. Sedimentology 61, 1982–2019 (2014).
20. Spychala, Y. T., Hodgson, D. M., Stevenson, C. J. & Flint, S. S. Aggradational
lobe fringes: The inﬂuence of subtle intrabasinal seabed topography on
sediment gravity ﬂow processes and lobe stacking patterns. Sedimentology 64,
582–608 (2017).
21. Bowen, A. J., Normark, W. R. & Piper, D. J. W. Modelling of turbidity currents
on Navy Submarine Fan, California Continental Borderland. Sedimentology
31, 169–185 (1984).
22. Jobe, Z. et al. Facies architecture of submarine channel deposits on the western
Niger Delta slope: Implications for grain-size and density stratiﬁcation in
turbidity currents. J. Geophys. Res. Earth Surf. 122, 473–491 (2017).
23. Hubbard, S. M., Covault, J. A., Fildani, A. & Romans, B. W. Sediment transfer
and deposition in slope channels: Deciphering the record of enigmatic deep-
sea processes from outcrop. Geol. Soc. Am. Bull. 126, 857–871 (2014).
24. Konsoer, K., Zinger, J. & Parker, G. Bankfull hydraulic geometry of submarine
channels created by turbidity currents: Relations between bankfull channel
characteristics and formative ﬂow discharge. J. Geophys. Res. Earth Surf. 118,
216–228 (2013).
25. Talling, P. J. et al. Onset of submarine debris ﬂow deposition far from original
giant landslide. Nature 450, 541–544 (2007).
26. Stevenson, C. J. et al. The spatial and temporal distribution of grain-size
breaks in turbidites. Sedimentology 61, 1120–1156 (2014).
27. Wynn, R. B. et al. in Submarine Mass Movements and Their Consequences (eds
Mosher, D. C. et al.) 28, 463–474 (Springer International Publ., 2010).
28. Heezen, B. C. & Ewing, M. Turbidity currents and submarine slumps and the
1929 Grand Banks earthquake. Am. J. Sci. 250, 849–873 (1952).
ARTICLE NATURE COMMUNICATIONS | DOI: 10.1038/s41467-018-05042-6
6 NATURE COMMUNICATIONS |  (2018) 9:2616 | DOI: 10.1038/s41467-018-05042-6 | www.nature.com/naturecommunications
29. Hughes-Clarke, J. E., Shor, A. N., Piper, D. J. W. & Mayer, L. A. Large scale
current-induced erosion and deposition in the path of the 1929 Grand Banks
turbidity current. Sedimentology 37, 613–629 (1990).
30. Piper, D. J. W. & Aksu, A. E. The source and origin of the 1929 Grand Banks
turbidity current inferred from sediment budgets. Geo-Mar. Lett. 7, 177–182
(1987).
31. Piper, D. J. W., Cochonat, P. & Morrison, M. L. The sequence of events
around the epicentre of the 1929 Grand Banks earthquake: initiation of debris
ﬂows and turbidity current inferred from sidescan sonar. Sedimentology 46,
79–97 (1999).
32. Skene, K. I. & Piper, D. J. W. Late Quaternary stratigraphy of Laurentian Fan:
A record of events off the eastern Canadian continental margin during the last
deglacial period. Quat. Int. 99–100, 135–152 (2003).
33. Stevenson, C. J., Jackson, C. A.-L., Hodgson, D. M., Hubbard, S. M. &
Eggenhuisen, J. T. Deep-water sediment bypass. J. Sediment. Res. 85,
1058–1081 (2015).
34. Luchi, R., Balachandar, S., Seminara, G. & Parker, G. Turbidity currents with
equilibrium basal driving layers: A mechanism for long runout. Geophys. Res.
Lett. 45, 1518–1526 (2018).
35. Eggenhuisen, J. T. & McCaffrey, W. D. The vertical turbulence structure of
experimental turbidity currents encountering basal obstructions: implications
for vertical suspended sediment distribution in non-equilibrium currents.
Sedimentology 59, 1101–1120 (2012).
36. de Leeuw, J., Eggenhuisen, J. T. & Cartigny, M. J. B. Morphodynamics of
submarine channel inception revealed by new experimental approach. Nat.
Commun. 7, 10886 (2016).
37. Komar, P. D. Channelized ﬂow of turbidity currents with application to
Monterey Deep-Sea Fan Channel. J. Geophys. Res. 74, 4544–4553 (1969).
38. Ellison, T. H. & Turner, J. S. Turbulent entrainment in stratiﬁed ﬂows. J. Fluid
Mech. 6, 423–448 (1959).
39. Bo Pedersen, F. A Monograph on Turbulent Entrainment and Friction in Two-
layer Stratiﬁed Flow. (Technical Univ. of Denmark, Lyngby, 1980).
40. Traer, M. M., Hilley, G. E., Fildani, A. & McHargue, T. The sensitivity of
turbidity currents to mass and momentum exchanges between these
underﬂows and their surroundings. J. Geophys. Res. Earth Surf. 117, F01009
(2012).
41. Traer, M. M., Fildani, A., McHargue, T. & Hilley, G. E. Simulating depth-
averaged, one-dimensional turbidity current dynamics using natural
topographies. J. Geophys. Res. Earth Surf. 120, 1485–1500 (2015).
42. Kneller, B., Nasr-Azadani, M. M., Radhakrishnan, S. & Meiburg, E. Long-
range sediment transport in the world’s oceans by stably stratiﬁed turbidity
currents. J. Geophys. Res. Ocean 121, 8608–8620 (2016).
43. Parker, G. Conditions for the ignition of catastrophically erosive turbidity
currents. Mar. Geol. 46, 307–327 (1982).
44. Parker, G., Fukushima, Y. & Pantin, H. M. Self-accelerating turbidity currents.
J. Fluid Mech. 171, 145–181 (1986).
45. Pantin, H. M. Interaction between velocity and effective density in turbidity
ﬂow-phase-plane analysis, with criteria for autosuspension. Mar. Geol. 31,
59–99 (1979).
46. Pantin, H. M. & Franklin, M. C. Improved experimental evidence for
autosuspension. Sediment. Geol. 237, 46–54 (2011).
47. Postma, G., Nemec, W. & Kleinspehn, K. L. Large ﬂoating clasts in turbidites:
a mechanism for their emplacement. Sediment. Geol. 58, 47–61 (1988).
48. Sohn, Y. K. On traction-carpet sedimentation. J. Sediment. Res. 67, 502–509
(1997).
49. Lowe, D. R. Sediment gravity ﬂows .2. Depositional models with special
reference to the deposits of high-density turbidity currents. J. Sediment. Petrol.
52, 279–298 (1982).
50. Mutti, E. Turbidite Sandstones. (Agip 275, Parma, 1992).
51. Shamugam, G. & Moiola, R. J. Reinterpretation of depositional process in a
classic ﬂysch sequence (Pennsylvanian Jackfort Group), Ouachita Mountains,
Arkansas and Oklahoma. Am. Assoc. Pet. Geol. Bull. 79, 672–695 (1995).
52. Mulder, T. & Alexander, J. The physical character of subaqueous sedimentary
density ﬂows and their deposits. Sedimentology 48, 269–299 (2001).
53. Middleton, G. V. Sediment deposition from turbidity currents. Annu. Rev.
Earth Planet. Sci. 21, 89–114 (1993).
54. Cantero, M. I. et al. Emplacement of massive turbidites linked to extinction of
turbulence in turbidity currents. Nat. Geosci. 5, 42–45 (2012).
55. Kuenen, P. H. Experimental turbidite lamination in a circular ﬂume. J. Geol.
74, 523–545 (1966).
56. Peakall, J., Felix, M., McCaffrey, B. & Kneller, B. in Particulate Gravity
Currents (eds McCaffrey, W., Kneller, B. & Peakall, J.) 1–8 (Blackwell Science
Publ., 2001).
57. Kneller, B. & Buckee, C. The structure and ﬂuid mechanics of turbidity
currents: a review of some recent studies and their geological implications.
Sedimentology 47, 62–94 (2000).
58. Meiburg, E. & Kneller, B. Turbidity currents and their deposits. Annu. Rev.
Fluid Mech. 42, 135–156 (2010).
59. Sumner, E. J., Talling, P. J. & Amy, L. A. Deposits of ﬂows transitional between
turbidity current and debris ﬂow. Geology 37, 991–994 (2009).
60. Dorrell, R. M. et al. The critical role of stratiﬁcation in submarine channels:
implications for channelization and long runout of ﬂows. J. Geophys. Res.
Ocean 119, 2620–2641 (2014).
61. Caress, D. W. & Chayes, D. N. New software for processing sidescan data
from sidescan-capable multibeam sonars. Proc. IEEE Ocean. 95 Conf.
997–1000 (1995).
62. Soulsby, R. The dynamics of marine sands: A manual for practical applications.
(Thomas Telford Publ. London, 1997).
Acknowledgements
We thank the ofﬁcers and crew of RV Maria S. Merian and the Shipboard Scientiﬁc Party
on cruise MSM47. The cruise was supported by the Deutsche Forschungsgemeinschaft
(DFG) and funding for C.J.S. was provided by the University of Leeds Institute of
Applied Geoscience (IAG).
Author contributions
C.J.S. wrote the manuscript, incorporating comments from all authors. S.K. and D.M. led
the project. S.K. was chief scientist on cruise MSM47. P.F., A.G., M.S. and K.L. parti-
cipated in data collection during the cruise. C.J.S. visually described cores. P.F. processed
bathymetric data. D.J.W.P., A.G and M.S. contributed to data interpretation. S.K., D.J.W.
P. and D.M. obtained funding for cruise MSM47.
Additional information
Supplementary Information accompanies this paper at https://doi.org/10.1038/s41467-
018-05042-6.
Competing interests: The authors declare no competing interests.
Reprints and permission information is available online at http://npg.nature.com/
reprintsandpermissions/
Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional afﬁliations.
Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons license and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this license, visit http://creativecommons.org/
licenses/by/4.0/.
© The Author(s) 2018
NATURE COMMUNICATIONS | DOI: 10.1038/s41467-018-05042-6 ARTICLE
NATURE COMMUNICATIONS |  (2018) 9:2616 | DOI: 10.1038/s41467-018-05042-6 | www.nature.com/naturecommunications 7
